The heavy metals/trace elements contents of sediment samples from Owalla Reservoir were analyzed every three months in two annual cycles (March 2011 -February 2013. The main aim was to measure concentrations of selected elements in sediment samples, their variations in space and seasons and the level of pollution and/or contamination. The bottom sediment samples were collected with a Van Veen Grab and the elemental analysis in the laboratory was based on air-dried samples following standard methods. The overall hierarchy of heavy metals/trace elements in the sediments of the reservoir was in the decreasing order of concentrations: Fe >Mn >As >Zn >Ni >Co >Cr >Cu >Pb >Cd. The concentrations of the heavy metals did not follow any definite pattern from the upstream-downstream basin, although most of them (Cu, Fe, Mn, Zn, and Co) showed significant differences (P<0.05) in their horizontal variations. Mn, Pb, Co, Fe, Ni, and Zn were significantly (P<0.05) higher at the open water region than in the littoral region. All the elements except Ni did not show significant seasonal variations (P>0.05). Most of the elements in the reservoir sediment have concentrations within the background levels and concentrations defined in environmental regulations and guidelines, except for As and Cd. The contamination factors (C f ) for most metals (Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn) suggested low contamination in the sediments (C f <1.0). Conversely, the sediments were moderately contaminated with Cd (C f =2.41) and very highly contaminated with As (C f =19.33).
INTRODUCTION
Heavy metals/trace elements are one of the major occurring constituents in sediments. Duffus (2002) suggested the densities of heavy metals range from 3.5 to 7.0 gcm -3 (see also Gautam et al., 2015) . However, since the threshold varies according to the author, it is impossible to come up with a precise consensus value. Therefore, any idea of defining "heavy metals" on the basis of density must be abandoned as it yields nothing but confusion (Duffus, 2002 ). An alternative (and theoretically more acceptable) name for this group of elements is "trace elements" but this is less widely used. Since heavy metals/trace elements occur naturally in rock-forming and ore minerals, there is a range of normal background concentrations in soil sediments, water and living organisms (Alloway and Ayres, 1997) . Pollution causes a high abnormal concentration of metals/elements relative to the normal background levels. Therefore, the only presence of the metals/elements is insufficient evidence of pollution.
Heavy metals/trace elements are considered serious pollutants not only because of their persistence and nondegradability in the environment, but also because most of them have toxic effects on living organisms when they exceed certain concentrations. Additionally, aquatic organisms can bio-accumulate, bio-magnificate or bio-transfer metals to concentrations high enough to bring harmful effects (Raulinaitis et al. 2012) .
Bottom sediment is the loose sand, clay, silt and other soil particles and organic matter that settle or deposit at the bottom of a water body. Sediments are originated from soil erosion (surface erosion in the watershed) or decomposition of plants, animals and microorganisms within the waterbody. Wind, water, and ice are erosion agents that help to carry these particles to streams, rivers and lakes (Davies and Abowei, 2009; Ezekiel et al., 2011) . Sediments are a sink for many pollutants and trace substances of low solubility and low degree of degradability. Therefore, pollutants are conserved in sediments over a long period of time according to their chemical persistence, physical, chemical and biochemical characteristics of the sub-strata (Adeyemo et al., 2008) . A large proportion of heavy metals/trace elements are originated and dispersed into the air and/or directly into rivers, lakes, sea and reservoirs (Todorovic et al., 2014) from anthropogenic activities such as industrial processes, mining, automobile emissions, agricultural activities, wastewater discharge, and urban runoff. Natural sources contributing to the presence of heavy metals in sediments include weathering and dissolution of minerals, parent rocks, and soils (Decena et al., 2018) . Sediments can therefore act as natural geosorbent and primary sink for pollutants, including heavy The heavy metals/trace elements contents of sediments from Owalla Reservoir, Osun State, Southwest, Nigeria 69 metals/trace elements (Podlasinska and Szydlowski, 2017; Decena et al., 2018) . High concentrations of these contaminants in sediments could be remobilized into the aquatic ecosystems through water and sediment interactions resulting in their bioaccumulation in the tissues of various biota, affecting the distribution and density of benthic organisms (Decena et al., 2018) . Polluted aquatic sediments can also cause environmental damage by releasing metals/trace elements into the surrounding waters, directly contaminating aquatic plants and animals.
One of the most common methods for assessing pollution levels and quantifying metals and elemental enrichment in bottom sediments is to compare measured concentrations with a background level or with a concentration posing serious environmental risks (e.g. maximum concentration defined in environmental regulations and guidelines) usually referred to as Environmental Quality Standards (Raulinaitis et al. 2012) . The geochemical background concentration is defined as the concentration of an element reflecting the natural processes not influenced by human activities. The discrimination between the natural and anthropogenic origin of heavy metals/trace elements is a relative measure that can be determined by the composition in the parent material. The geochemical background concentration allows the distinction of polluted areas from unpolluted ones and is useful for assessing the extent of human activities and the fate (i.e. mobilization, migration, and deposition/uptake of substances in the environment) of these elements. Furthermore, it also allows recognizing areas with the higher local background because of the occurrence of mineralization (Dung et al., 2013) . Sediment Environmental Quality Standards are the "measuring stick" against which the acceptability of the presence and concentration of substances in sediment is determined. They help us better assess the quality of the sediment and how clean/healthy it could be. The environmental quality standards are based and designed to protect human and environmental health from the toxicological effects of contaminants (BCMECCS, 2017) .
The aim of this study is to i) determine the concentrations of selected heavy metals/trace elements in sediment samples from Owalla Reservoir, ii) their variations in space and seasons, iii) the level of anthropogenic impact in the catchment basin, and iv) heavy metal/trace elements contamination, if any, in the reservoir.
METHODS

Study area
Owalla Reservoir is located within latitudes 07° 53.5' and 07°59.0' N and longitudes 004°31.5' and 004°35.0' E with an average elevation of 336±8 m above the mean sea level (Fig. 1) at the northern, eastern, western and southern parts respectively. The dam wall is about 677 m long and 27.5 m high. The total length of the reservoir is about 12 km from the dam wall to the upstream (i.e. the point at which the major river, Erinle River, enters into the reservoir) with a maximum width of 3.5 km. It has an area of about 14.5 km 2 and capacity of about 94×10 6 m 3 . The climate of the study area is typically tropical (Ojo, 1977) . The area is underlain by the Basement Complex of Southwestern Nigeria (Kogbe, 1976; Rahaman, 1976; Rahaman and Ocan, 1978) . Vegetation is the lowland tropical rainforest vegetation (Keay, 1959; Agboola, 1979; Tijani and Onodera, 2009 ). The soils belong to the Ferruginous tropical red soil (laterites) with minimal soil degradation and erosion (Smyth and Montgomery, 1962; Tijani and Onodera, 2009 ). The major source of heavy metals/trace elements around the study area could be originated from natural sources mostly by mineralization of parent rock materials. Anthropogenic sources are mainly from domestic and agricultural activities within the catchment basin. According to Oladejo and Ofoezie (2006) and Ugbomoiko and Ofoezie (2007) , the municipalities surrounding the reservoir (i.e. Ilie, Oba, Bara, Onipakiti, Kuti, Igbokiti, Idiroko, Eko-Ende, and Ore, etc.) have a population of less than 5000 persons each, with an annual growth rate of about 3%. The inhabitants are mostly Yoruba, many of whom are peasant farmers, fishermen or petty traders in agricultural goods. There is no evidence of heavy industrialization. Riparian vegetation of the area includes cultivated crops such as vegetables, cashew, mango, cocoa, kola nut, oranges, oil palm, cassava, yam, maize, banana and plantain.
Sampling stations and programme
A total of twenty (20) sampling stations were established across the entire reservoir, representing three different sections (upstream, mid-basin and downstream) and two zones (littoral and open water) ( Fig. 1 ; Supplementary Tab. 1). Sampling was carried out every three months aboard a plank boat powered by an outboard-engine in two annual cycles (March 2011 -February 2013 . thene bag for laboratory analysis of the heavy metal/trace elements contents of the sediments and analysis of the elements in the sediments was based on air-dried samples, dried in clean trays at room temperature. The laboratory analyses of the heavy metals/trace elements were done using the Atomic Absorption Spectrophotometry (AAS) (APHA, 1995; International Atomic Energy Agency, 2003; Supplementary Tab. 2) . Adequate and proper quality control and quality assurance (QA/QC) measures were observed both at the field and during the laboratory analysis to ensure accurate results and reliability of the data obtained following the appropriate Standard Methods and Instructions. The data obtained were analysed computing descriptive statistics, analysis of variance-ANOVA, and Cluster Analysis using Microsoft Excel and Paleontological Statistics (PAST, ver. 3.17) software. Cluster analysis was computed using the correlation index and the paired group method.
Sample collections/field determination and laboratory analysis
Calculation of the contamination factor of the heavy metals/trace elements
The contamination factor (C f ) is an indicator of sediment contamination used in evaluating pollution in an aquatic environment by a given toxic substance (Decena et al., 2018) . The contamination factor and the degree of contamination (C d ) of the heavy metals/trace elements analyzed for the study were used to determine the contamination status of sediments. The C f values for each metal/element based on their overall average values from all the stations in the reservoir were calculated according to the equation given below:
Contamination factor (C f ) = Metal/element content of sediment Background value of the metal/element
Where the background value of the metal/element =world surface rock average (Geochemical background in the earth crust).
C f values for describing the contaminations level of the heavy metals/trace elements in the sediment according to Saha and Hossain (2011) are as given below:
Contamination factor
Level of contamination
Very high contamination. -4; mid-basin: 5-11, 18; lower reach: 12-17, 19-20. littoral, 3-4, 7-9, 11, 13-15, 17-20; open water, 1-2, 5-6, 10, 12, 16 . B) Map of the study area.
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The degree of contamination (C d ) is defined as the sum of all contamination factors (C f ) for all the metals studied in the given waterbody.
RESULTS
Overall variations in Owalla Reservoir
The concentrations of the individual heavy metals/trace elements in the reservoir occurred over the wide range of 0.00 -377.41 µg g -1 (Tab. 1). Based on the mean values, they could be grouped into two categories, i.e.:
As >Zn >Ni >Co>Cr >Cu >Pb >Cd >100 µg g -1 =Fe >Mn
Comparison with other reservoirs and lakes
Heavy metals/trace elements in sediments recorded in the present study showed marked similarities with the mass concentrations and hierarchy obtained in some reservoirs in Nigeria and other parts of the world (Tab. 2).
Contamination factor and comparison with toxicological reference values
In Tab. 3, contamination factors (C f ) were computed as the ratio between the concentrations of trace elements in the Owalla Reservoir and the corresponding average concentrations in the Earth crust. The degree of contamination, C d , was 22.72. The maximum C f , 19.33, was estimated for cadmium and the least, 0.003, for iron. Excluding As, the remaining elements, i.e. Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn had C f <1 (Table 3) . Most of the heavy metals/trace elements in the sediments showed concentrations within the background levels and guidelines, with the exception of As and Cd, which concentrations were greater than the geochemical background level. Moreover, As concentration was greater than the Canadian Guidelines. Cd value was greater than the values for all the guidelines (i.e. UK-Cefas, Dutch Standard, Canadian Guidelines, and US Environmental Protection Agency).
Spatial variations
The Co, Cr and Fe contents of the reservoir sediment had highest mean values upstream and decreased through the middle portion of the reservoir and towards the dam site (Table 4 ). The lowest values were recorded at the downstream basin. Mn showed lowest mean values upstream and increased through the middle portion of the reservoir and downstream. As, Cd, Cu, Ni, Pb, and Zn showed highest mean values at the middle area of the reservoir; Cd and Ni had lowest mean values upstream, whereas As, Cu, Pb, and Zn had lowest values downstream.
Co, Cu, Fe, Mn, and Zn showed significant differences (P≤0.05) in their mean values along the (upstream-downstream) reaches of the reservoir, whereas the other metals/elements were not significantly different (P>0.05) (Tab. 4). All the heavy/trace metals analysed from the sediment samples collected throughout the study period showed higher mean values at the open water region than in the littoral region of the reservoir (Tab. 5). Differences were significant (P<0.05) for Co, Fe, Mn, Ni, Pb, and Zn (Tab. 5).
The relationships among the investigated sampling stations based on the concentrations of the metals/elements in the sediments have been analysed using a cluster analysis (Fig. 2) . Heavy metal concentrations grouped the stations into five clusters. Nevertheless, the grouping of stations did not follow any definite and congruent spatial pattern, confirming the absence of any spatial patterns also in the concentrations of the heavy metals/trace elements.
Seasonal variations
As, Cd, Cu, Ni, Pb, and Zn had higher mean values during the rainy season than the dry season. On the contrary, 
DISCUSSION
The similarities in the heavy metals/trace elements content recorded from the present study with the levels obtained for some reservoirs in Nigeria and other parts of the world with respect to mass concentrations and hierarchy is an evidence of their natural occurrence in rockforming and ore minerals soil and sediments globally. However, the variations observed in a few elements from the selected reservoirs could be ascribed to the nature of the catchment basin and the underlying bedrock geology of the area and the type of anthropogenic activities around the basin. For example, land use pattern is recognized as a crucial factor influencing the concentrations of these elements in terrestrial and aquatic environments in various regions of the world (Szarek-Gwiazda et al., 2018) . Unlike most organic pollutants, such as organo-halides, heavy metals occur naturally in a range of normal background concentrations in soil sediments, water and living organisms (Alloway and Ayres, 1997) . Pollution gives rise to an anomalously high concentration of metals relative to the normal background levels. Therefore, the presence of metals may not be a sufficient evidence of pollution. However, several countries have set Environmental Quality Standard (EQS) or background levels of metals in sediment. Such interim guidelines are basically designed for soil and sediment remediation with a wide range of pollutants including, but not limited to, metals (Asibor, 2008) . The concentrations of most of the heavy metals/trace elements from the present study were generally lower than the geochemical background level (earth crust) representing the world average concentrations of the metals in sediments. Exceptions were Arsenic (As) and Cadmium (Cd) that were present with higher average values in the reservoir. Asibor (2008) of the main reasons of the low metals concentrations he observed in the sediments of Asejire reservoir was the low level of industrialization within the catchment basin. On the other hand, Kavitha and Kumar (2013) associated the accumulation of heavy metals in the sediments and biota of receiving waterbodies to rapid industrialization, urbanization, modern civilization, economic development and increase in population. According to Smedley and Kinniburgh (2015) , Arsenic is a ubiquitous element found in the atmosphere, soils, rocks, natural waters, and organisms. It is mobilized in the environment through a combination of natural processes such as weathering reactions, biological activity, and volcanic emissions as well as through a range of anthropogenic activities. Most environmental arsenic problems are the result of mobilization under natural conditions, but man has an important impact through mining activity, combustion of fossil fuels, the use of arsenical pesticides, herbicides and crop desiccants and the use of arsenic as an additive to livestock feed, particularly for poultry. From the study area, some of the likely sources of the elevated levels of arsenic may include natural enrichment. The typical richness of arsenic in the Earth's crust is between approximately 2 and 5 mg kg -1 . However, an enriched amount may be found in shale and coal deposits of sedimentary and igneous rocks. Arsenic adsorption to mineral surfaces (including Fe, Mn, and Al-rich soil and sediments) act as an important sink. Arsenic exists mainly in the atmosphere in various forms such as (As 2 O) adsorbed on particulate matter, which circulates and is returned to the Earth by The heavy metals/trace elements contents of sediments from Owalla Reservoir, Osun State, Southwest, Nigeria 75 wet or dry deposition and simultaneous oxidation and reconversion of arsenic to non-volatile forms . As shown in this study, Fe and Mn in the sediments had concentrations about ten times higher than the other elements and both have been found to be naturally associated with arsenic occurrence in sediments. Natural sources of cadmium from the area could be originated from parent rock materials, soil, plants, and animal matter sunk into the sediment through one or more natural processes like weathering, erosion, and decomposition in the area. According to Mislin and Ravera (1986) , cadmium is found in varying amounts as a natural component of the surface environment in rocks, overburden and soils, water, air, plant and animal tissues with an average concentration in the earth's crust reported being between 0.15 µg g -1 and 0.11 µg g -1 . Anthropogenic sources of arsenic and cadmium from the area could come mainly from domestic and agricultural activities within the catchment basin, considering that subsistence agriculture has been the mainstay of more than 90% of the riparian population. Since the majority of the farmers in the area practice subsistence agriculture with no access to mechanized agriculture, the use of agro-chemicals to boost crop productions and protections is usually a common practice. As and Cd have been found in various concentrations in agro-chemicals used to boost (fertilizers, manures, etc.) and protect crop production (herbicides, pesticides, fungicides, rodenticides, etc.). For example, since the industrial revolution, the use of arsenic as an insecticide, fungicide, and herbicide gradually peaked in 1950s when it was one of the most common pesticides in use, because it was an inexpensive by-product of the smelting of copper, iron, silver, cobalt, nickel, lead, gold, zinc, manganese, and tin. Also, agricultural workers preferred to use arsenic and not lead because of its accumulative poison characteristics over insects and pests . Likewise, phosphate fertilizers and manures used to boost crop productions can contain varying amounts of cadmium (De Boo, 1990; Roberts, 2014) , representing examples of anthropogenic sources of cadmium in the ecosystems. Arsenic is listed by the US Environmental Protection Agency (USEPA) as one of the priority pollutants and is listed among the most hazardous substances having a significant potential threat to human health . Arsenic, through ages, is being persistently regarded as a highprofile poison and was related to several conspicuous murder cases, for instance, in the infamous death of Napoleon Bonaparte in 1851, which was claimed to be a political murder by some conspiracy theorists . The U.S. Department of Health and the European Commission's Institute of Health and Consumer Protection have recently summarized the adverse health effects of cadmium on the kidney, renal cortex, pulmonary, cardiovascular, and musculoskeletal systems; moreover, Cd was reported as a human carcinogen. For example, cadmium poisoning known as Itai-itai disease, a disease causing softening of the bones and kidney failure, was originally discovered in association with rice cultivation in Asia (Roberts, 2014) .
Concentrations of the heavy metals/trace elements did not follow any definite pattern from the upstream-downstream basin, although most of them showed significant difference in their horizontal variations. Further, the highest mean concentrations of the different metals were obtained in various basins of the reservoir. This could probably be explained by the different inputs of pollutants (domestic and agricultural) coming from local populations located within the different areas of the watershed (upstream, midbasin and downstream) . This could also confirm that most of the current anthropogenic inputs of these elements into the sediment of the reservoir were mainly of domestic and agricultural sources. Most of the elements with significant horizontal variations are generally regarded as nutritional essential elements (i.e. Co, Cu, Fe, Mn, and Zn). In this regard, heavy metals/trace elements have been grouped into toxic (As, Cd, Hg, and Pb) and nutritional essential (Ca, Co, Cr, Cu, Fe, Mn, Mo, Ni, Se, and Zn) elements by Alonso et al. (2004) .
Most heavy metals (Co, Fe, Mn, Ni, Pb, and Zn) had significant higher mean values in the open water region than the littoral region of the reservoir. The occurrence of background concentrations of trace elements in soils and sediments is, besides the lithology, also influenced by their clay and organic matter content. Therefore, clay and organic matter content are often used to calculate 'corrected' background values for trace metal concentrations in soils and sediments (De-Saedeleer et al., 2010) . Also, according to Parizanganeh (2008) , the elemental concentration of sediments not only depend on anthropogenic and lithogenic sources, but also upon the textural characteristics, hydrogen ion concentration (pH), organic matter content, mineralogical composition and depositional environments of sediments. It is generally believed that metals are associated with smaller grain-size particles. Therefore, in this study, the higher concentrations of the heavy metals in the open water region could be due to the higher clay and organic matter content that characterizes this area compared to the littoral region. Moreover, the peripheral shallow areas are subject to fluctuating temperatures and erosion of shore materials through wave action. The result is a coastline region of relatively coarse sediment, especially evident near unprotected shores (Cole, 1975) .
Increased acidity tends to dissolve and mobilize heavy metals/trace elements in sediments, causing an increase of concentrations in lake water. The hydrogen ion concentration of sediments in the open water zone is usually higher because this stratum of water is generally characterized by decay rather than the production of organic (Cole, 1975) . As suggested by Parizanganeh (2008) , the open water region also represents the depositional environment where most of the suspended materials in the water column are usually deposited, whereas the littoral is the eroding region where the action of water movements drags most suspended particles towards the deep stable and less disturbed region.
Most of the heavy metals/trace elements from the reservoir did not show significant seasonal difference. This could be explained considering that the concentrations of the heavy metals/trace elements in the sediments from this study were the result of the long-term accumulations of these elements over a long period of time rather than fresh anthropogenic enrichments from influx of allochthonous materials due to high incidences of flooding and erosions during the rainy season.
CONCLUSIONS
The overall hierarchy of concentrations of heavy metals/trace elements in the reservoir sediment samples based on the mean values was in the decreasing order: Fe >Mn >As >Zn >Ni >Co >Cr >Cu >Pb >Cd. The concentrations of the heavy metals did not follow any definite common pattern from the upstream-downstream basin, although most of them (Cu, Fe, Mn, Zn and Co) showed significant differences in their horizontal variations, but with various different spatial gradients and highest values in different areas of the reservoir. These unpredictable patterns are an indication that the populations living along the shores in different areas of the watershed might have produced different amounts and types of pollutants (domestic and agricultural sources) discharged to the reservoir. Many heavy metal/trace elements analyzed from the sediment samples (Mn, Pb, Co, Fe, Ni, and Zn) showed higher mean values at the open water region than in the littoral region. Except Ni, all the heavy metal/trace elements did not show significant seasonal difference in their mean values across the dry and rainy seasons. With the exception of As and Cd, most of the elements in the sediments showed concentrations within the background levels defined in environmental regulations and guidelines. C f values of the different metals from the sediment samples indicated a low sediment contamination with Co, Cr, Cu, Fe, Mn, Ni, Pb, and Zn (C f <1.0). Conversely, sediments were moderately contaminated with Cd (C f =2.41) and very highly contaminated with As (C f =19.33). 
